Abstract: We present a method to efficiently separate the rectangularly symmetric modes of light with two phase-only holograms. The holograms, known as fan-out elements, can split the input modes into multiple copies. A subsequent lens focuses these modes to different lateral positions. We use two spatial light modulators to create the desired optical elements. The separation of rectangularly symmetric modes, such as eigenmodes in rectangular waveguides and Hermite-Gaussian modes, is experimentally demonstrated.
Introduction
Optical modes exist in various waveguide structures, such as fibers, integrated waveguides, and also free space. These waveguides can be characterized by their eigenmodes, which are mutually orthogonal and can exist stably. For example, lasers and waveguides with circular symmetry can better be handled using the set of Laguerre-Gaussian (LG) modes. On the other hand, rectangular waveguides can better be handled using the set of rectangularly symmetric modes. Furthermore, these eigenmodes can be applied as independent channels in optical communication systems to increase optical transmission capacity by several times [1] , [2] . Thus the ability to distinguish different modes is essential in both waveguide characterizations and optical communications.
A variety of approaches have been developed to analyze the mode distribution in various waveguide structures. Typically, the issue of mode measurement has been addressed by dividing the mode up in time, frequency or space. For example, LG beams were mapped into different time windows based on a q-plate within a ring optical resonator [3] . These modes could be also mapped to different time signals by dynamic interferometry [4] - [6] , or mapped to different frequencies based on the rotational Doppler Effect [7] , [8] . Similar methods were also applied to measure linearly polarized modes (LP modes) and polarization modes [9] , [10] . In general, only a small portion of power was utilized for division-of-time/frequency methods. As a contrast, the division-of-space methods have a relatively large power efficiency and could not only measure the mode distribution but also serve as mode sorter. For example, LG modes could be mapped to different positions with plasmonic vortex lenses [11] , [12] , with interferometric methods [13] - [15] , with built-in tilted fiber Bragg gratings [16] , [17] , or with coordinate transformation [18] - [20] . The simultaneously spatial and spectral resolving methods were also involved, such as the spatially and spectrally resolved imaging (S 2 imaging) [21] - [23] . In the S 2 imaging, a fiber was required to scan the optical field in the plane (x, y), and at each point the optical spectrum was measured, thus the scheme had a high demand on mechanical device. S 2 imaging could alternatively be performed with a tunable laser and camera [24] . However, most of the reported methods are applicable for circularly symmetric modes in cylindrically symmetric waveguides such as LG modes and LP modes, and the measurement of rectangularly symmetric modes is rarely addressed. In fact, rectangularly symmetric modes also widely exist in rectangular waveguides and are applied in optical communications, such as the transverse electric (TE) modes in silicon-based slab waveguides.
Herein, we propose a method to efficiently separate the rectangularly symmetric modes of light with fan-out elements. The input modes are duplicated and aligned in sequence by two phase-only holograms, known as fan-out elements. Subsequently, a spatial lens converts each input modes into two symmetric lateral line spots with far-field diffraction. Our approach can separate the odd modes or even modes solely dependent on different phase compensations. We verify our scheme experimentally by using two spatial light modulators to implement the desired optical elements, and manage to separate the rectangularly symmetric modes, such as eigenmodes in rectangular waveguides and Hermite-Gaussian (HG) modes. It shows great potentials for mode analysis in various waveguides and in optical communication systems.
Principle and Structure
The eigenmodes in a rectangular waveguide have approximately sinusoidal distributions with equidifferent frequencies [25] . Fig. 1 presents the schematic diagram for separation of these modes. Firstly, the input modes are duplicated for multiple copies and aligned in sequence by a onedimensional grating [26] . Obviously, each input mode is converted to a periodical mode with a different frequency, as shown in Figs. 1(a) and 1(b). For even modes, the periodically distributed mode copies can be further converted to standard harmonics by adding an extra phase of mπ to the mth copy. For odd modes, the periodically distributed copies themselves are standard harmonics, so the phase compensation is not necessary. Subsequently, every standard harmonic can be converted into two symmetrical line spots in lateral sides and the lateral deviation is proportional to Fig. 2 . Simulated results for (a) even modes and (b) odd modes. The input modes are show in the first row. When they pass through the SLM, these modes will be converted into five copies with a standard harmonic distribution, shown in the second row. The output spots after a lens are shown in the last row, which are spatially separated. input mode index. Figs. 1(c) and 1(d) present the configurations for even modes and odd modes respectively, the only difference is the phase distribution of the second phase element. It indicates that the scheme cannot work for even modes and odd modes simultaneously. The first optical element 1 is a phase grating, which splits a laser beam to multiple copies, and the phase distribution of 1 is given by [26] tan
where μ m and α m are the optimized parameters, k is the wave vector component of the first order diffracted beam in x direction. This phase grating can split the input beam to 2N + 1 diffracted beams in x direction, and the mth order diffracted beam has a phase of α m . The second optical element is used to correct the phase of each copy and naturally 2 should equal to −α m . For even modes, additional phase compensation of mπ is required to convert the periodically distributed copies to standard harmonics. Finally, the standard harmonics are focused into different lateral positions by a spatial lens. Here, the input mode is labeled by TE nm , where n and m are the mode indexes in x and y directions, indicating n + 1 and m + 1 spots in two directions, respectively [25] . Fig. 2 shows the simulated results for N = 2. The parameters are set as [26] μ ±2 = 0.899, μ ±1 = 0.459, μ 0 = 1;
From Fig. 2(a) , we can see that the input TE mn mode is converted into five copies with a standard harmonic distribution and then the harmonic is focused to two symmetrically lateral line spots by another lens. The lateral deviation is proportional to input mode index. Fig. 2(b) presents the simulated results for odd modes. All modes are separated with lateral line spots. Therefore, either even modes or odd modes can be completely separated with our method. The scheme can be also applied to separate the two-dimensional modes. In the case, a two-dimensional (2D) phase grating is required. The phase distributions in x direction and y direction are the same and are given by Eq. (1). Naturally, every mode will be converted to four spots at symmetric positions in four quadrants. The last two column of Figs. 2(a) and 2(b) present the numerical results for the 2D case.
Experimental results
An experiment is carried out to demonstrate the scheme, as shown in Fig. 3 . The light emitted from a laser (wavelength of 1550 nm) is coupled into the free space by a single mode fiber (SMF) and a lens. Then, a rotatable half wave plate (HWP) and polarizer (Pol.) are employed to tune the power of light. Subsequently, the light shines on the right part of a spatial light modulator (SLM1). The SLM is divided into two parts. The right part is used to generate the input TE modes launched from the first order with Taylor-Fourier expansion method [27] . A mirror is used to reflect the first order diffracted beam to the left part of SLM1 and then another mirror reflects the light from SLM1 to SLM2. The left part of SLM1 carrying a phase distribution of 1 is used to copy the beam. SLM2 is used to compensate the additional phase and accomplish the far-field diffraction. Finally, a charge coupled device (CCD) is employed to observe the output mode patterns. In the experimental configuration, all the lenses shown in Fig. 1 are equivalently integrated into two SLMs [28] , [29] .
The measured input modes and output modes are shown in Fig. 4 . When only a one-dimensional grating in x direction is used, the results for even modes and odd modes are as shown in Figs. 4(a) and 4(b) respectively. The device can only separate the modes by the mode indexes in x direction and every mode will be converted to two symmetrical spots on the x axis. The lateral displacement of the spots is proportional to the mode index. The measured lateral displacement dependent on input mode is shown in Fig. 5 . When mixed modes are incident on the device, the modes will be mapped to different positions with a small overlap, such as TE 00 and TE 40 in Fig. 4(a) , TE 10 and TE 50 in Fig. 4(b) . The scheme can be also applied to separate the two-dimensional modes. In the case, a two-dimensional phase grating is required and every mode will be converted to four spots at symmetric positions in four quadrants. The experimental results for two-dimensional TE modes are presented in Figs. 4(c) and 4(d) . One can see that the results are similar to that of one-dimensional case except the number of output dot spots.
To characterize the quality of mode separation, we directly measure the crosstalk of the separated modes. The CCD is divided into equally sized and rectangular regions. All the rectangular regions are centered at the expected output positions of TE modes. So there are two received regions, symmetrically positioned on the x axis, to collect the power of each input mode. By measuring the total intensity in each pair of these regions, the crosstalk of separated modes is determined when the input mode is enabled independently one by one. The results for one-dimensional even modes and odd modes are shown in Fig. 6 . We can see that the measured results accord well with the simulated ones except some small crosstalk. The crosstalk between adjacent modes is mainly caused by the imperfect experimental configurations, such as the oblique incidence on SLMs and the beam quality from laser. The power efficiency of the method is about 60%, mainly limited by the diffraction efficiency of SLMs (about 80%). It can be further improved by using normal incidence on SLMs and by optimizing the generated modes, or directly by fabricating high-precision and high-efficiency phase plates.
Furthermore, our method can be applied to separate HG modes, which are given by the product of a factor in x and a factor in y. HG modes, with their rectangular symmetry, are especially suited for the modal analysis of radiation from lasers whose cavity design is asymmetric in a rectangular fashion. The HG modes have a similar intensity distribution with TE modes, so the light mode after multiple duplications can be regarded as a quasi-harmonic distribution and converted to spots with positions related to the mode index. Fig. 7 shows the measured results for different HG modes. One can see that the HG mode is mapped to two line spots with a deviation proportional to the onedimensional mode index when a one-dimensional grating is used, such as HG 00 , HG 20 , HG 40 , HG 10 , HG 30 , HG 50 in Fig. 7 . The last row are numerical simulations as comparison. The HG mode will be mapped to four dot spots with transverse and lateral deviations proportional to the corresponding 
Conclusions
In summary, we have proposed an efficient method to realize the separation of the rectangularly symmetric modes of light. These modes are several-fold duplicated and tailored into various harmonic distributions at different frequencies. These harmonics can be mapped into different lateral spots with small overlaps. Every input mode will be mapped two or four spots respectively when a one-dimensional grating or two-dimensional grating are used. Two sets of modes (TE mode and HG mode) are demonstrated experimentally. Although our method can only separate the odd modes or even modes solely dependent on different phase compensations, it can separate multiple modes simultaneously, showing great potentials for mode analysis in waveguide characterizations and optical communications.
